-We previously reported that transglutaminase 2 (TG2) activity is markedly elevated in lungs of hypoxia-exposed rodent models of pulmonary hypertension (PH). Since vascular remodeling of pulmonary artery smooth muscle cells (PASMCs) is important in PH, we undertook the present study to determine whether TG2 activity is altered in PASMCs with exposure to hypoxia and whether that alteration participates in their proliferative response to hypoxia. Cultured distal bovine (b) and proximal human (h) PASMCs were exposed to hypoxia (3% O 2) or normoxia (21% O 2). mRNA and protein expression were determined by PCR and Western blot analyses. TG2 activity and function were visualized and determined by fluorescent labeled 5-pentylamine biotin incorporation and immunoblotting of serotonylated fibronectin. Cell proliferation was assessed by [ 3 H]thymidine incorporation assay. At 24 h, both TG2 expression and activity were stimulated by hypoxia in bPASMCs. Activation of TG2 by hypoxia was blocked by inhibition of the extracellular calcium-sensing receptor or the transient receptor potential channel V4. In contrast, TG2 expression was blocked by inhibition of the transcription factor hypoxia-inducible factor-1␣, supporting the presence of separate mechanisms for stimulation of activity and expression of TG2. Pulmonary arterial hypertension patient-derived hPASMCs were found to proliferate significantly more rapidly and respond to hypoxia more strongly than controlderived hPASMCs. Similar to bovine cells, hypoxia-induced proliferation of patient-derived cells was blocked by inhibition of TG2 activity. Our results suggest an important role for TG2, mediated by intracellular calcium fluxes and HIF-1␣, in hypoxia-induced PASMC proliferation and possibly in vascular remodeling in PH.
TG2; HIF-1␣; CaSR; TRPV4; pulmonary artery smooth muscle cells ALTHOUGH IT IS WELL KNOWN that both humans and experimental animal models respond to hypoxia by the development of pulmonary hypertension (PH), the mechanism and related cellular events by which this occurs remain unclear. Transglutaminase 2 (TG2) is a calcium-dependent enzyme that is expressed ubiquitously in multiple cell types including smooth muscle cells and has been implicated in numerous physiological and pathological processes (23) . We previously found that TG2 activity is markedly elevated in lungs of hypoxia-exposed mice and that inhibition of TG2 with ERW1041E blocks development of PH in these mice. (9) . This is in agreement with our previous observations of increased serotonylated fibronectin (sFn), a product of increased TG2 activity, in the sera of humans with pulmonary arterial hypertension (PAH) and in sera and lungs of experimental rodent models of PH (36) . In the animal model of hypoxia-induced PH, multiple physiological events are triggered concurrently. Our observations with intact animals therefore raise the question of whether hypoxia itself directly activates TG2 and/or whether it upregulates TG2 expression.
To address this question in the present study we have utilized an in vitro model of pulmonary artery smooth muscle cells (PASMCs) in culture where environmental oxygen tension can be controlled and cellular biochemical responses evaluated. We initially selected bovine (b) distal PASMCs for this model, because they grow well in culture and we have found their proliferation to be enhanced by a hypoxic environment (3% O 2 ) (25) . As a complementary in vitro model we explored the use of human (h) proximal PASMCs available from resected lungs of PAH patients at the time of transplantation. We found that available normal hPASMCs grow very slowly under ambient conditions, making it difficult to obtain reliable measurements of cellular proliferation. In contrast, PAH patient-derived smooth muscle cells from proximal pulmonary arteries proliferate more rapidly and we selected these cells for our studies.
For the measurement of TG2 activity in these studies we used an exogenous reporter 5(biotinamido)pentylamine (5-BP) and also quantified the endogenous formation of sFn. We have evaluated the influence of a small molecule TG2 inhibitor, ERW1041E (9) , and TG2 mutants on hypoxia-induced PASMC proliferation. Cellular calcium fluxes, and thereby intracellular Ca 2ϩ concentrations, are known to regulate PASMC proliferation and contractility (18, 22, 31, 38, 44, 47) . Intracellular Ca 2ϩ is also known to induce TG2 activity (41, 46) and we previously showed that calcium chelator EGTA significantly reduced TG2 activity in bPASMCs (19) . However, there is no information on specific pathways that are responsible for Ca 2ϩ regulation in this process. In the present study we assessed the role of the extracellular calcium-sensing receptor (CaSR) and the transient receptor potential (TRP) vanilloid 4 channel (TRPV4) in the hypoxia-induced TG2 responses with the use of pharmacological inhibitors. Furthermore, we evaluated the role of hypoxia-inducible factor (HIF)-1␣, a transcription factor that is upregulated by hypoxia, on TG2 expression through the use of cobalt chloride as a hypoxia mimic and a HIF-1␣ inhibitor, PX-478.
We report here that hypoxia stimulates both TG2 expression and activity along with proliferation of PASMCs. Hypoxia-enhanced cell proliferation occurs in both bovine and human PAH PASMCs and is blocked by inhibition of TG2 activity. Furthermore, effects on TG2 by inhibitors of the CaSR and the TRPV4 suggest that Ca 2ϩ fluxes may initiate posttranslational TG2 activation in PASMCs and participate in the cellular response to hypoxia. HIF-1␣ responds to hypoxia and cobalt chloride, and we found that HIF-1␣ plays an integral role in induction of TG2 expression. Our observations constitute the first report of a direct influence of hypoxia on TG2 of PASMCs in culture and with addition of our previous studies (9) suggest that TG2 may be a therapeutic target for hypoxia-induced pulmonary vascular remodeling in PH.
MATERIALS AND METHODS
Reagents. ERW1041E (2-[(3-bromo-4,5-dihydro-isoxazol-5-ylmethyl)-carbamoyl]-pyrrolidine-1-carboxylic acid quinolin-3-ylmethyl ester) and 5-BP [5-(biotinamido) pentylamine] were synthesized as described previously (9) . NPS2390 (N-tricyclo[3.3.1. 13, 7] dec-1-yl-2-quinoxalinecarboxamide) was purchased from Tocris (Minneapolis, MN). HC-067047 (2-methyl-1-[3-(4-morpholinyl)propyl]-5-phenyl-N- [3-(trifluoromethyl) phenyl]-1H-pyrrole-3-carboxamide) and cobalt chloride were purchased from Sigma (St. Louis, MO). PX-478 [(S)-4-(2-amino-2-carboxyethyl)-N,N-bis(2-chloroethyl)aniline oxide dihydrochloride] was purchased from MedKoo Biosciences (Chapel Hill, NC).
Cell culture. Two-day-old calf lungs were purchased from a local slaughterhouse and smooth muscle cells from distal pulmonary arteries (bPASMCs) measuring ϳ0.5-1.5 mm in diameter were isolated and cultured as previously described (33) . Human (h) PASMCs were isolated from lungs of idiopathic PAH patients and unused control donor subjects (Cleveland Clinic, Cleveland, OH). bPASMCs were grown in DMEM media (Life Technologies, Grand Island, NY) and hPASMCs were grown in DMEM: F-12 (1:1) media (Life Technologies) supplemented with 10% fetal bovine serum (FBS; Thermo Scientific, Waltham, MA), pen-strep antibiotic, and antimycotic (Life Technologies). Cell passages 3-5 (bPASMCs) and 5-7 (hPASMCs) were used and cellular purity was assessed by morphological appearance under phase-contrast microscopy and by immunofluorescence staining for smooth muscle ␣-actin.
PASMC treatment and cell proliferation assay. Cells were grown to ϳ80% confluence and serum starved for 24 h before the experiments. Cells were pretreated for 1 h with inhibitors or vehicle and then exposed to hypoxia (3% O 2, 5% CO2, and balance N2) or normoxia (95% room air and 5% CO2) in tightly sealed humidified modular incubator chambers (Billups-Rothenberg, Del Mar, CA) at 37°C as previously described (25) . The cells were immediately processed for downstream analysis to avoid loss of hypoxia effects as described. Cell proliferation was assessed by a [ 3 H]thymidine incorporation assay (PerkinElmer, Waltham, MA) as previously described (25) .
RNA isolation and PCR. Total RNA was extracted from cells by use of TRIzol reagent and reverse transcription was performed by using a High-Capacity cDNA Reverse Transcription Kit according to manufacturer's instructions (Life Technologies). For mRNA detection, cDNA probes and Platinum PCR SuperMix with bovine specific assay by design primer sets (OligoPerfect Designer; Life Technologies) were used. The primer F: 5=-GGAGAAGAGCGAAGGGA-CTT-3= and primer R: 5=-GACTTCGGCAAAGAGAAAG-3= were used to amplify the cDNA of bovine TG2. The primer F: 5=-GGGT-CATCATCTCTGCACCT-3= and primer R: 5=-GGTCATAAGTC-CCTCCACGA-3= were used to amplify the cDNA of bovine GAPDH. PCR products were separated by 3% agarose gel electrophoresis in Tri-acetate-EDTA buffer and stained with ethidium bromide as previously described (24) .
Cell lysis and protein extraction. Cells were rinsed briefly with ice-cold Dulbecco's phosphate-buffered saline (DPBS; Life Technologies) and scraped into ice-cold Nonidet P-40 lysis buffer (Boston BioProducts, Ashland, MA) containing protease inhibitor cocktail (Sigma) and phosphatase inhibitor cocktail set I (Calbiochem, Billerica, MA). After incubating for 30 min at 4°C, lysates were centrifuged at 14,000 g for 15 min at 4°C. Supernatants were collected and the protein concentration was determined by use of a Bradford assay kit (Bio-Rad, Hercules, CA). Equal amounts of protein lysate were denatured at 96°C for 6 min (Laemmli sample buffer; Boston BioProducts) and resolved by SDS-PAGE (Bio-Rad).
Western blot analysis. Cell lysates were electrophoresed and transferred to a polyvinylidene difluoride membrane (Millipore, Billerica, MA). The membrane was blocked with 5% milk in Tris-buffered saline (TBS) and incubated with primary antibody diluted in 5% bovine serum albumin (BSA; Sigma) in TBS. Serotonylated fibronectin was detected by anti-5-HT-BSA conjugate antibody (1:2,000; Sigma). Fibronectin was measured by anti-fibronectin (H-300) antibody (1:2,000; Santa Cruz Biotechnology, Dallas, TX). TG2 was detected by use of anti-TG2 (H-237) polyclonal antibody (1:1,000; Santa Cruz Biotechnology). For detecting HIF-1␣, anti-HIF-1␣ (H-206) polyclonal antibody (1:1,000; Santa Cruz Biotechnology) was used. The respective protein bands were then detected by use of horseradish peroxidase (HRP)-tagged secondary antibodies (1:5,000; Santa Cruz Biotechnology) and the ECL System (Thermo Scientific). Densitometry analysis was performed as previously described (19) with Un-Scan-It gel analysis software (Silk Scientific, Orem, UT).
5-BP immunofluorescence assay. For measurement of TG2 activity, 5-BP incorporation was visualized with fluorochrome-conjugated streptavidin HRP. PASMCs were grown to ϳ80% confluence on glass coverslips (BD Bioscience, San Jose, CA). After 24 h of serum starvation, cells were incubated with 5-BP for 1 h prior to hypoxia/ normoxia exposure. For negative control, 5-BP incubation was omitted. After a brief wash with PBS, cells were fixed with 4% formaldehyde (Tousimis, Rockville, MD) in PBS. Fixed cells were then blocked for nonspecific background with 5% milk in TBS and incubated with Streptavidin AlexaFluor 555 HRP conjugate (Life Technologies) for 1 h in 5% BSA in TBS. The coverslips were mounted on to the slides by using Vectashield mounting medium with DAPI (Vector Laboratories, Burlingame, CA) and sealed with nail polish. The stained cells were imaged under an Axio light microscope (Carl Zeiss, Thornwood, NY) using Volocity software (PerkinElmer). The TG2 activity was quantitatively assessed by measuring the intensity per cell by use of ImageJ analysis software (NIH).
TG2 plasmid transfections. pcDNA3 vector constructs encoding the Myc-tagged forms of transglutaminase-defective TG2 mutant C277V and GTP-binding defective TG2 mutant R580L (gifts from Dr. Richard Cerione, Cornell University, NY) were transfected into cells by using Lipofectamine 2000 (Life Technologies) according to manufacturer's instructions.
Statistical analysis. All experiments were independently replicated at least three times. Data were expressed as means Ϯ SE. Statistical analysis was performed by Student's t-test for comparing two treatment groups and one-way analysis of variance (Holm-Sidak method) for multiple comparisons using SigmaPlot 12.5 software (Systat Software, San Jose, CA). A P value of Ͻ0.05 is considered statistically significant.
RESULTS

Hypoxia stimulates activity, mRNA, and protein expression of TG2 in bPASMCs.
To determine the effect of hypoxia on TG2 transcription, expression, and activity in bPASMCs, we measured these changes after incubating the cells for up to 24 h in either normoxia (room air) or hypoxia (3% O 2 ). As noted in Fig. 1 , TG2 mRNA, protein expression and TG2 activity are all markedly increased in response to hypoxia at 24 h compared with cells incubated under normoxic conditions. Similarly, serotonylation of fibronectin, a product of TG2 activity, is elevated at 24 h exposure to hypoxia ( Fig. 2A) , reflecting enhanced TG2 activity. In addition, the ratio of sFn to fibronectin (Fn) levels is significantly increased in response to hypoxia (Fig. 2B ). ERW1041E is an irreversible inhibitor of TG2 that has been shown to selectively suppress TG2 activity in rodents (9) . ERW1041E significantly inhibited the formation of hypoxia-induced sFn (Fig. 2, C and D) .
Hypoxia stimulates bPASMC proliferation that is blocked by the TG2 inhibitor ERW1041E and expression of the catalytically inactive C277V TG2 mutant. Hypoxia is known to induce increased proliferation of bPASMCs (25) . An illustration of this stimulation at 24-h hypoxia exposure is shown in Fig. 3 . Hypoxia-induced bPASMC proliferation is blocked by ERW1041E (Fig. 3A) . Furthermore, to determine the role of TG2 cross-linking activity and the GTP-binding activity on proliferative responses to hypoxia, empty vector (pcDNA) and TG2 mutant transfected bPASMCs were used. The control cells received only the transfection reagent. The dominantnegative mutant that lacks cross-linking activity of TG2, C277V, significantly blocked hypoxia-induced cellular proliferation (Fig. 3B) . However, there was no significant effect on hypoxia-induced cell proliferation with either transfection of pcDNA or the GTP-binding defective TG2 mutant R580L. These results suggest that TG2 cross-linking activity is important for TG2-mediated cell proliferation.
Influence of CaSR and TRPV4 inhibitors on TG2 activity and expression.
To test the hypothesis that intracellular Ca 2ϩ fluxes are required for hypoxia-induced TG2 activity in bPASMCs, we used pharmacological inhibitors of the CaSR (NPS2390) and the TRPV4 (HC-067047). When tested for their influence on TG2 activity after hypoxia exposure for 24 h, both NPS2390 (1-10 M) and HC-067047 (0.5-10 M) inhibited serotonylation of fibronectin compared with vehicle control (Fig. 4, A and C) . The ratio of sFn to Fn levels was significantly reduced in both NPS2390- (Fig. 4B ) and HC-067047 (Fig.  4D )-treated cells. However, there was no change in TG2 expression as demonstrated in Fig. 4 , A and C. These findings suggest a difference in the mechanism of regulation of TG2 activity compared with its expression.
Role of HIF-1␣ in expression and activation of TG2 by hypoxia. Experiments were performed to test the hypothesis that TG2 expression is regulated by HIF-1␣ in bPASMCs exposed to hypoxia or hypoxia-mimicking agent cobalt chloride. PX-478 is a selective inhibitor of constitutive and inducible HIF-1␣ (14) . As noted in Fig. 5 , A and B, both hypoxia exposure and cobalt chloride treatment significantly induced HIF-1␣ and TG2 expression compared with normoxia controls at 24 h. Accumulation of HIF-1␣ by cobalt chloride was attenuated when cells were incubated with PX-478 (Fig. 5D) . Furthermore, PX-478 treatment also significantly inhibited cobalt chloride-and hypoxia-induced TG2 expression at 24 h ( Fig. 5, E and G) . Similar to hypoxia exposure, cobalt chloride treatment induced serotonylation of fibronectin in bPASMCs (Fig. 6B) . However, PX-478 did not prevent the cobalt chloride-induced serotonylation of fibronectin, meaning that it inhibited TG2 expression but not its activity. In addition, PX-478 treatment significantly inhibited total fibronectin expression (Fig. 6C) . The sFn-to-Fn ratio was significantly increased with PX-478 treatment compared with vehicletreated normoxia control and cobalt chloride-treated control (Fig. 6B) . Conversely, when testing the influence of TG2 activity on HIF-1␣ expression we observed that TG2 inhibitor ERW1041E did not significantly alter HIF-1␣ expression in bPASMCs (Fig. 6D) .
Participation of TG2 in hypoxia-stimulated human PASMC proliferation. To determine whether human PASMCs respond to hypoxia similarly to bovine ones we carried out cell proliferation studies with human cells. We found that hPASMCs from normal control subjects grew very slowly and showed low thymidine counts, making results difficult to interpret (Fig.  7A) . While in the process of carrying out these studies we found that hPASMCs obtained from pulmonary arteries of lungs of transplanted patients with PAH grew much more rapidly than those from control subjects and were more consistent in measurable responses to hypoxia (e.g., Fig. 7A ). Therefore, we used these PAH cells to assess for similarities to bPASMCs in their response to hypoxia. As shown in Fig. 7, A and B, there was a marked stimulation in growth response of these cells to hypoxia, and the growth responses of cells under both normoxic and hypoxic conditions were abrogated by ERW1041E at a 100 -200 M concentration (Fig. 7B) . Thus these cells like the bovine ones are dependent on TG2 for their growth under both normoxic and hypoxic conditions.
DISCUSSION
It is well known that PH occurs with exposure to altitude and is present in a variety of clinical conditions such as chronic obstructive pulmonary disease and sleep apnea that are associated with alveolar hypoxia. The biological mechanism for the relationship between hypoxia and PH has been under investigation for several decades. Both animal models and cell culture systems have been utilized in this exploration. With the discovery of HIF-1␣, efforts were focused on this transcription factor as a central responder to low oxygen tensions during the pathogenesis of hypoxic pulmonary hypertension (3, 30) . Several studies have targeted cellular Ca 2ϩ fluxes as an important regulator of smooth muscle growth and reactivity, a part of the "vascular remodeling" that occurs with pulmonary hypertension (21, 27, 35, 40) . A variety of vasoactive substances including serotonin, endothelin-1, and histamine have been broadly implicated in the process of vascular remodeling (31) . In recent years TG2, an enzyme that catalyzes the formation of covalent bonds between lysine and glutamine residues of proteins or of proteins with primary monoamines such as serotonin, has become recognized to participate in smooth muscle function (19, 
. Hypoxia increases serotonylation of fibronectin that is blocked by TG2 inhibitor ERW1041E.
A: serum-starved bPASMCs were exposed to normoxia (21% O2) or hypoxia (3% O2) for 24 h. Western blots of cell extracts showing the effect of normoxia and hypoxia on serotonylated fibronectin (sFn) and fibronectin (Fn) levels. B: bar graph demonstrating changes in TG2 activity assessed by measuring sFn normalized to Fn levels by densitometry analysis of blots in A (n ϭ 5 blots/condition). C: serum-starved bPASMCs were pretreated for 1 h with vehicle or ERW1041E and exposed to hypoxia for 24 h. Representative Western blots showing the effect of ERW1041E on TG2 expression and activity (sFn). D: bar graph demonstrating the effect of ERW1041E on sFn/Fn ratio measured by densitometry analysis (n ϭ 3 blots/treatment group). sFN (220 kDa) was detected with anti-5-HT antiserum. Fn (220 kDa) was detected by use of anti-Fn antibody. TG2 protein expression (78 kDa) was detected with anti-TG2 antibody. Smooth muscle ␣-actin (42 kDa) was blotted on the stripped membrane as loading control. *P Ͻ 0.05, significantly different from normoxia control. #P Ͻ 0.05, significantly different from vehicle-treated hypoxia control. 23 ). Furthermore, our data suggest that serotonin may be synthesized in PASMCs since we observed that serotonylation of fibronectin is induced with hypoxia exposure even without adding exogenous serotonin to the medium ( Fig. 2A) .
Although TG2 belongs to a cross-linking family of enzymes, prior studies suggest that the TG2 induction does not always result in increased cross-linking activity (20) . Furthermore, it has been shown that TG2 has cross-linking-independent phe- notypic expressions including GTP-dependent functions (15) . Therefore, we have tested two mutually exclusive TG2 functions using mutant constructs, the catalytically inactive form of TG2 (C277V) and GTP-binding-deficient form of TG2 (R580L). We observed that the cross-linking mutant but not the GTP-binding mutant resulted in inhibition of bPASMC proliferation, suggesting that cross-linking activity is required for proliferative phenotype in these cells (Fig. 3) . TG2 is known to be activated by Ca 2ϩ via modulating a conformational change in its catalytically active site (46) . Numerous studies have reported that calcium homeostasis through depletion of stored Ca 2ϩ and extracellular Ca 2ϩ sources are critical regulators in hypoxia-induced pulmonary vascular remodeling (5, 12, 18, 34) . CaSR and TRPV4 participate in Ca 2ϩ -induced functional responses in PH (22, 38, 39, 47) . Consistently, our studies with the inhibitors of CaSR and TRPV4 channel support a role of Ca 2ϩ in the hypoxia-induced serotonylation of fibronectin, a product of TG2 activity. In this study, we did not measure intracellular Ca 2ϩ concentrations. However, Wang et al. (35) showed that expression of canonical TRP isoforms TRPC1 and TRPC6 was increased in hypoxia exposed murine PASMCs resulting in elevated intracellular Ca 2ϩ concentrations. Therefore, given the complexity of Ca 2ϩ kinetics in PASMCs, further studies are needed to evaluate other pathways of calcium regulation in this process. Recently, our laboratory showed that TG2 activity was markedly elevated in lungs of a hypoxia/Sugen mouse model of pulmonary hypertension (9) . In addition, Baandrup et al. (1) reported that TG2 was significantly upregulated and associated with right ventricular hypertrophy in chronic hypoxic rats. Our present studies show that in PASMCs TG2 is directly responsive to hypoxia by enhancement of both its expression and activity. Consistent with the findings of increased TG2 expression, it has been previously reported in studies of tumor biology that TG2 is one of the genes targeted by the von Hippel-Lindau/hypoxia pathway (37) . Furthermore, it has been reported that TG2 and fibronectin are transcriptional targets of HIF-1␣ that enhances the survival of hypoxic tumor cells (10, 29) . In the latter studies, TG2 was shown to induce PI3K signaling activity and when treated with either a TG2 inhibitor or transglutamidation defective TG2 mutant the tumor cells became sensitive to apoptosis (4) . Under normoxic conditions, Kumar et al. (17) observed that TG2 induction resulted in NF-B-mediated HIF-1␣ transcription and activation via a transglutaminase-independent pathway in breast cancer cells. Furthermore, actions of TG2 have been shown to be associated with altered glucose metabolism and mitochondrial oxygen consumption (16) . Our studies show that HIF-1 activation is likely upstream to hypoxia-induced TG2 activity, since ERW1041E did not block HIF-1␣ accumulation under hypoxic conditions (Fig. 6E) . These findings suggest that the relationship of HIF-1 and TG2 is complex and further studies are needed to address the question of whether TG2 induction is involved in HIF-1 activation in normoxic PASMCs. Schultz et al. (28) have shown that hypoxia and HIF-1␣ promote growth factor-induced proliferation of hPASMCs. Relevant to these cellular findings, Yu et al. (42) observed that HIF-1␣ partially deficient mice (HIF-1␣ ϩ/Ϫ) exposed to chronic hypoxia showed significant effects on physiological responses including delayed pulmonary vascular remodeling, pulmonary hypertension, and right ventricular hypertrophy compared with wild-type littermates (HIF-1␣ ϩ/ϩ). Bonnet et al. (3) showed that HIF-1 is activated as a consequence of downregulation of HIF-1␣ destabilizing pathways in the 40-wk-old fawn hooded rat and PAH patients. They also observed that intracellular Ca 2ϩ levels are elevated in PASMCs derived from 40-wk-old fawn hooded rats compared with 20-wk-old rats. Recently, Ball et al. (2) reported that mice with a tamoxifen-inducible smooth muscle-specific Cre recombinase expressed deletion of HIF-1␣ show attenuated pulmonary vascular remodeling and PH in a chronically hypoxic rodent model. Our data indicate that both expression and activity of HIF-1␣ and TG2 are elevated in hypoxic bPASMCs and suggest that TG2 is downstream to HIF-1␣. Cobalt chloride has been found to mimic actions of hypoxia by rapid stabilization, accumulation of HIF-1␣, and subsequent dimerization with HIF-1␤ in the nucleus, resulting in transactivation of several target genes (13, 32) . Responses of cellular TG2 activity to cobalt chloride paralleled those of hypoxia in the systems we studied, making this compound a useful substitute for hypoxia. Our studies with PX-478, an inhibitor of constitutive and hypoxia-induced HIF-1␣ (14) , showed that TG2 transcription is dependent on HIF-1 activity in bPASMCs. In addition, we observed that fibronectin transcription is also dependent on HIF-1 activity in bPASMCs. Consistently, previous studies observed that TG2 and fibronectin expression are coregulated in multiple cell-types (45) .
Consistent with our findings showing a smooth muscle cellular response to hypoxia, recent studies by other investigators have also reported that hPASMCs proliferate in response to hypoxia (6, 26, 43) . However, these studies did not include evaluations of TG2. For our studies we specifically selected PASMCs from patients with PAH because of their relatively robust growth compared with control cells. This rapid growth of PASMCs from patients with PAH compared with normal PASMCs is noteworthy and reasonable to further investigate. Chen et al. (7) reported that thioredoxin-1 activity is upregulated in hypoxia-induced hPASMC growth and in lungs of hypoxia-exposed mice. In addition, they also observed that thioredoxin-1 inhibition abrogated HIF activation, Akt phosphorylation, and consequent PASMC proliferation. Since thioredoxin is a known activator of TG2 (11) , it might be possible that thioredoxin and HIF-1␣ effects are mediated through TG2 in hypoxia-induced PASMC responses; however, further studies are needed to explore this possibility. Recently, Zemskov et al. (45) observed that TG2 expression is upregulated in response to platelet-derived growth factor (PDGF) treatment and is involved in PDGF receptor activation and function in human aortic smooth muscle cells. Future studies are needed to ad- . Hypoxia-induced pulmonary arterial hypertension (PAH) human (h)PASMC proliferation is reduced with TG2 inhibitor ERW1041E. A: control subject and PAH patient-derived hPASMCs were exposed to normoxia (21% O2) or hypoxia (3% O2) for 24 h. B: PAH hPASMCs were pretreated with ERW1041E or vehicle for 1 h and exposed to normoxia or hypoxia for 24 h. Cell proliferation was quantified by [ 3 H]thymidine incorporation assay and expressed as cell counts (n ϭ 8 wells/treatment group). *P Ͻ 0.05, significantly different from vehicle-treated normoxia control. #P Ͻ 0.05, significantly different from vehicle-treated hypoxia control. dress this phenomenon in PASMCs. Finally, we do not presently know the relationship of TG2 to proteins that are directly involved in smooth muscle cell cycling and proliferation. It is recognized that TG2 may exert both pro-and antiapoptotic effects in cells depending on the cell type and cross-linking or GTP-binding properties of TG2 (8) . An analysis of the direct relationship of TG2 to hypoxia-induced smooth muscle cell proliferation will require a better understanding of the mechanism by which hypoxia itself initiates cellular proliferation.
Taken together with the established roles of HIF-1␣ and intracellular calcium homeostasis in hypoxia-induced pulmonary hypertension, it is reasonable to conclude that TG2 plays an important role in pulmonary vascular remodeling associated with PASMC proliferation. In conclusion, the results of our studies suggest a novel mechanism as illustrated simplistically in Fig. 8 to highlight this importance of TG2.
